Summary
The endothelial cells lining the sinusoids in the bone marrow and liver have the capacity to take up and store particulate matter; hence, they are members of the reticuloendothelial system. In a previous study, we demonstrated that intravenous injection of saponin to rabbits caused extensive injury to the sinusoidal endothelium of the bone marrow but left the sinusoidal endothelium of the liver unaffected (YosHIDA et al., 1983) . This previous study further indicated that, in some animal species including the rat, the sinusoidal endothelium of the bone marrow was relatively resistant to saponin. These observations led us to speculate that there may be a quantitative and qualitative difference in phagocytic activity between sinusoidal endothelial cells which are sensitive to and those which are resistant to saponin.
Electron microscopic studies on endocytosis by sinusoidal endothelia of bone marrow and liver have been previously undertaken by others, using particulate materials 303 such as carbon, f erritin and Thorotrast as tracers. The sequestration of tracer particulates by plasmalemmal bristle-coated vesicles in the cytoplasm of the sinusoidal endothelial cells has also been well documented YoFFEY, 1963, 1968; COTRAN, 1965; FLOREY, 1967; HUANG, 1971; LUK and SIMON, 1974; BANKSTON and DE BRUYN, 1974; DE BRUYN et al., 1975; DE BRUYN, 1981) . However, the above tracer materials are very small in diameter compared to the bristle-coated vesicles, and it is unclear whether the phagocytic lining cells of the sinusoids are capable of taking up particles having a size equal to, or larger than, the diameter of the bristle-coated vesicle. Neither is it clear whether there are any quantitative differences between the endocytosis of particulate materials by sinusoidal endothelia from different sources.
In the present study, carbon particles and polystyrene particles of different sizes were used as ultrastructural tracers, and the uptake of the tracer materials by the sinusoidal endothelia of rabbit bone marrow and liver and rat bone marrow was investigated after intravenous injection.
MATERIALS AND METHODS
Carbon and polystyrene latex particles were selected for the study, since the former has a small particle size of 28 nm on the average and has been most commonly employed for the investigation of the reticuloendothelial system, while the latter has the advantage of being available in various particle sizes. The carbon suspension (C11/ 1431a, Gunther Wagner) contained 100 mg of carbon per 1 ml of suspension. Ten % of the volume of each of the suspensions of polystyrene latex particles was comprised of polystyrene particles (Dow Chemical). The particle sizes used included 0.11, 0.31, 0.62, 2.02 and 5.70 ~Cm. The polystyrene particle suspensions were dialyzed overnight against physiological saline before use. The volume of the suspension was unchanged by the dialysis treatment.
Groups of New Zealand albino rabbits (0.5-2.5 kg) and Wistar rats (200-250 g) were injected intravenously with any one of the five different sizes of polystyrene particles at a dose of 1 ml of suspension per kg, or with carbon particles at a dose of 70 mg per kg of body weight.
The animals were sacrificed 15 min and 2 hr after injection, though in some cases, 30 min after injection. The femur and liver were removed from each animal. The liver was sliced into layers about 2 mm thick and fixed with fixative containing one part of Karnovsky's glutaraldehyde-paraformaldehyde mixture and one part of distilled water, buffered by cacodylate for 2 hr. Each specimen was then cut into smaller pieces about 1 mm square and postfixed with 1 % osmium tetroxide for 2 hr. The bone marrow was removed from the femur according to the method described previously (HOSHI and WEIss,1978) .
Briefly, the bone was split longitudinally and pieces of the bone containing a thin layer of marrow were immersed in the modified Karnovsky's mixture described above. Four hr later, the tissue was postfixed with 1 % 0s04 for 1 hr. The marrow was then carefully removed from the bone, cut into smaller pieces, and fixed in renewed 1 % 0s04 for a further 1 hr. After fixation, all the small pieces were dehydrated in ethanol and embedded in an Epon-Araldate mixture.
Sections for light microscopy were stained with toluidine blue. Sections for electron microscopy were stained with uranyl acetate and lead citrate and studied under a JEOL 1000X electron microscope. 
Uptake of injected particles by the sinusoidal endothelia
Carbon: At 15 min after the intravenous injection of carbon, the sinusoidal endothelial cells of the rabbit bone marrow and liver as well as those of the rat bone marrow had taken up some carbon. The ingested carbon was seen within bristle-coated vesicles and membrane-bounded vacuoles of various sizes in the cytoplasm of the endothelial cells ( Fig. 1, 2) . At this stage, carbon particles were present within the lumen of the sinusoids but they were largely attached to, or very close to, the luminal surface of the sinusoidal endothelium.
The endothelial cells revealed frequent coated pits containing carbon particles along the course of their luminal surface ( Fig. 1, 2) . At 2 hr after injection, free carbon particles were virtually absent from the lumen of the sinusoids. Carbon ingested by the endothelial cells was observed within relatively large vacuoles in the cytoplasm of the cells (Fig. 3, 4) . In an attempt to quantitate the amount of carbon taken up by the sinusoidal endothelium, the numbers of carbon-containing phagosomes (vesicles and vacuoles) which appeared in profiles of the endothelial cells were counted from electron micrographs.
The results are summarized in Table 1 . Clearly, the number of carbon-containing phagosomes was approximately double in the sinusoidal endothelial cells of rabbit bone marrow than that in the rabbit liver, and four times as large as that in the rat bone marrow. Carbon-containing vacuoles (arrowheads) are seen in the perinuclear portion and in the extended portion of the endothelial cell (E).
x 4,000 0.11 um polystyrene particle: At 15 min after injection, the sinusoidal endothelium of the rabbit bone marrow had ingested a number of 0.11 um polystyrene particles. The ingested particles occurred singly within coated vesicles or in groups within vacuoles in the cytoplasm of the endothelial cells. The luminal plasmalemma of the endothelial cells formed occasional coated pits and endocytotic invaginations (Fig. 5) . Some free polystyrene particles were found in the lumen of the coated pits and the plasmalemmal invaginations (Fig. 5, 12-17) . At 2 hr after injection, free particles were rarely found in the sinusoidal lumen. The sinusoidal endothelial cells revealed a number of vacuoles containing a collection of ingested polystyrene particles (Fig. 6) .
In the rabbit liver, Kupffer cells present in the lumen of sinusoids ingested a large number of 0.11 um polystyrene particles by 15 min after injection. In contrast, the Bristle-coated vesicles, each taking up a single polystyrene particle, are seen at the luminal surface of the endothelial cell (E). The endothelial cell also reveals a relatively large vacuole containing a number of ingested polystyrene particles. S sinusoidal lumen. x 30,000
Fig. 6. Rabbit bone marrow at 2 hr after intravenous injection of 0.11 um polystyrene particles. Vacuoles containing ingested polystyrene particles are more frequent in the cytoplasm of the endothelial cell (E) than at earlier stages. S sinusoidal lumen. x 13,500 Fig. 7 . Rabbit liver at 15 min after intravenous injection of 0.111em polystyrene particles. The endothelial cell (E) lining the liver sinusoid barely takes up polystyrene particles, whereas a Kupffer cell (K) present in the lumen of sinusoid (S) displays a large number of ingested particles.
x 7,500 endothelial cells lining the sinusoids took up only very small numbers of polystyrene particles (Fig. 7) . Indeed, after a survey of many profiles of the endothelial cells in electron micrographs, we found only two cytoplasmic vacuoles containing polystyrene particles in the endothelial cells (Table 2 ).
In the rat bone marrow, 0.11 ~cm polystyrene particles were rarely found within the cytoplasm of the sinusoidal endothelium at 15 min and 2 hr after injection.
0.31 tm and larger polystyrene particles:
In the rabbit bone marrow, the sinusoidal endothelium took up polystyrene particles of 0.31, 0.62 and 2.02 pm in diameter (Fig. 8-11 ). At 15 min after injection, some particles were found interiorized within sinusoidal endothelial cells, while some others were present in the lumen of plasmalemmal invaginations formed at the luminal surface of these cells. None of the 5.70 pm polystyrene particles were found to be taken up by the sinusoidal endothelium.
In the rabbit liver and rat bone marrow, no polystyrene particles of 0.31 pm in diameter or larger were observed within the cytoplasm of the sinusoidal endothelial cells.
Endocytosis by sinusoidal endothelial cells of rabbit bone marrow
In the rabbit liver and rat bone marrow, the sinusoidal endothelial cells took up carbon by means of the formation of coated vesicles at the luminal surface.
However, they seldom ingested 0.11 pm or larger polystyrene particles.
In the rabbit bone marrow, the sinusoidal endothelial cells took up carbon and also polystyrene particles of various sizes ranging from 0.11 to 2.02 pm in diameter. These cells were found to interiorize circulating particles within the cytoplasm by the formation of two kinds of vesicles at the luminal surface: coated vesicles and vesicles larger than the coated vesicles. The latter will be referred to here as multiparticle-pinocytotic vesicles. The formation of the two kinds of vesicles as the endocytotic apparatus at the luminal surface of endothelial cells was clearly observed at 15 min after injection of 0.11 pm polystyrene particles. In this case, the endothelial cells interiorized single particles within the coated vesicles and groups of particles within the multiparticlepinocytotic vesicles. Figures 12-17 show images representing the various stages of formation of multiparticle-pinocytotic vesicles from the luminal plasma membrane and the concomitant uptake of a group of 0.11 pm polystyrene particles.
From these images, it can be seen that one or more coated pits were involved in the plasmalemmal wall of the pinocytotic invagination.
Similar to the case of the rabbit liver and rat bone marrow, the sinusoidal endothelial cells of the rabbit bone marrow took up carbon particles by means of the formation of coated vesicles, but they also took up carbon particles through multiparticle-pnnocytosis ( Fig. 18-22 ). When the particles to be From the above observations, it is possible to suggest a sequence of events for the formation of multiparticle-pinocytotic vesicles at the luminal surface of the sinusoidal endothelial cells of rabbit bone marrow.
One initial step may be the formation of a coated pit or pits at the site(s) of the cell membrane to which a particle or group of particles becomes attached.
If the particle(s) are sufficiently small to be enclosed by a coated pit, a coated vesicle may form, containing the particle(s).
If the particle(s) are too large to be enclosed by coated pit(s), an area of plasmalemma involving the coated pit(s) may become depressed and deepen until the particle(s) are completely enveloped by the plasma membrane.
After completion of such plasmalemmal wall wrapping of the particle(s), a multiparticle-pinocytotic vesicle containing the particle(s) may pinch off from the surface plasma membrane.
DISCUSSION
In the present investigation, the uptake of tracer particles by the sinusoidal endothelium of rabbit bone marrow and liver and rat bone marrow was studied after intravenous injection. The materials used included carbon particles and polystyrene particles of five different sizes ranging from 0.11 to 5.7 lam in diameter.
The sinusoidal endothelial cells of the three different sources took up the injected carbon, but there was a clear-cut difference in the capacity to take up injected polystyrene particles between the sinusoidal endothelial cells of the rabbit bone marrow and those of the rabbit liver and rat bone marrow.
The latter ingested only small numbers of 0.11 lem polystyrene particles, whereas the former readily took up 0.11 pm polystyrene particles, and also ingested larger polystyrene particles of up to 2.02 ~cm in diameter. The uptake of small particles such as carbon, ferritin and Thorotrast by bristlecoated vesicles from the circulation in the sinusoidal endothelium is well established (FLOREY, 1967; HUDSON and YOFFEY, 1968; BANKSTON and DE BRUYN, 1974; DE BRUYN et al.,1975; DE BRUYN, 1981) . In this study also, the sinusoidal endothelial cells of rabbit liver and rat bone marrow were found to take up circulating carbon through bristlecoated vesicles formed at the luminal surface. The diameter of such bristle-coated vesicles is 0.14 ,um on average, as measured in the sinusoidal endothelium of the liver and bone marrow (DE BRUYN et al., 1975) . Since polystyrene particles of 0.11 pm in diameter appear to be sufficiently small to be sequestered from the circulation by plasmalemmal bristle-coated vesicles, it might be expected that the sinusoidal endothelium of rabbit liver and rat bone marrow would take up 0.11 ~cm particles by means of the formation of bristle-coated vesicles. In fact, however, 0.11 ,um polystyrene particles were seldom found to be taken up by the sinusoidal endothelial cells of the rabbit liver and rat bone marrow.
The membrane lining the coated caveolae and vesicles is known to be covered by a fine filamentous surface coat (FAWcETT,1981) . Presumably, this surface coat may make the lumen narrow and prevent the 0.11 pm particles from entering the lumen. On the other hand, it has been well documented that the primary function of the bristle-coated vesicles is the selective uptake of protein (BOTH and PORTER, 1964) . The virtual failure to take up polystyrene particles by the sinusoidal endothelium of the rabbit liver and rat bone marrow might be attributable to the lack of any appropriate protein molecules on the surface of the polystyrene particles. This explanation would not seem to be plausible, however, since in rabbit bone marrow the sinusoidal endothelial cells did take up 0.11 m polystyrene particles by means of the formation of bristle-coated vesicles.
WIssE (1972) studied the uptake of injected Thorotrast by the sinusoidal endothelium of rat liver and observed that the particulates were taken up by bristle-coated vesicles formed from plasma membrane.
He also suggested the probable uptake of particulates by means of the formation of "macropinocytotic vesicles" of 0.7 pm in diameter at the luminal surface of the sinusoidal endothelium.
In the present investigation, however, we did not encounter images which suggested intermediate stages in the formation of "macropinocytotic vesicles" in the sinusoidal endothelium of rabbit liver and rat bone marrow.
Moreover, if these sinusoidal endothelia were capable of taking up the particulates via macropinocytotic vesicles, it would be possible for polystyrene particles of 0.11 pm in diameter or larger to be readily interiorized in the cytoplasm of the sinusoidal endothelia.
The present study suggests therefore that the sinusoidal endothelium of the rabbit liver and rat bone marrow may take up particulates almost exclusively through plasmalemmal bristle-coated vesicles.
The sinusoidal endothelial cells of the rabbit bone marrow took up carbon and also polystyrene particles of different sizes ranging from 0.11 to 2.02 pm in diameter. These cells sequestered circulating particles into the cytoplasm in two ways: smaller particles such as carbon and 0.11 pm polystyrene particles by means of both bristle-coated vesicles and multiparticle-pinocytotic vesicles, and larger particles through the latter type of pinocytotic vesicles. Assembled images of intermediate stages in the formation of multiparticle-pinocytotic vesicles and the concomitant sequestration of particles from the circulation suggested that formation of the pinocytotic vesicle may be initiated by the formation of bristle-coated caveola(e) at site(s) of the plasma membrane to which a particle or group of particles are attached.
Subsequently, an area of the plasma membrane including the initially formed coated caveola(e) may become depressed and deepen to form a plasmalemmal invagination in accordance with the size or amount of the particles to be sequestered.
The coated caveola(e) involved in the invaginated plasma membrane may then open and come to form part(s) of the wall of the pinocytotic invagination. Finally, the pinocytotic invagination may pinch off from the surface plasma membrane into the cytoplasm in the form of a multiparticle-pinocytotic vesicle containing particle(s).
During the formation of the pinocytotic vesicle, the part(s) of the plasma membrane derived from the coated caveola(e) may retain their surface coating, but the surface coat may disappear shortly after the pinocytotic vesicle has pinched off from the surface.
From the above description, it is clear that the multiparticle-pinocytotic vesicle is quite different in its mode of formation from the pinocytotic vacuole described by FAWCETT (1965) and "macropinocytotic vesicle" described by WIssE (1972) , both of which are formed from the smooth-walled plasma membrane with the primary function of entrapping fluid droplets. Perhaps the most conspicuous difference between the multiparticle-pinocytotic vesicle and bristle-coated vesicle concerns the amount of plasma membrane involved in the formation of these structures.
In the multiparticlepinicytotic vesicle, the amount of plasma membrane involved varies according to the size or amount of the particles, while in the bristle-coated vesicle, the amount of plasma membrane may be predetermined, as is suggested by the rather uniform appearance of bristle-coated vesicles in the cells (DE BRUYN et al., 1975) . The endocytosis of particles by way of multiparticle-pinocytosis in the sinusoidal endothelium may be distinguished from the phagocytosis by macrophages, since in the former the process is an invagination of plasma membrane, while in the latter it is a progressive movement of the enveloping cytoplasmic process around the particles (NORTH, 1970) .
In rabbit bone marrow, the sinusoidal endothelial cells interiorized a group of 0.11 pm polystyrene particles through multiparticle-pinocytosis.
The cells also sequestered a single polystyrene particle of this size through the bristle-coated vesicle. As discussed above, 0.11 pm polystyrene particles were hardly ever taken up by the sinusoidal endothelia of the rabbit liver and rat bone marrow.
It is probable that the bristle-coated vesicles formed in the sinusoidal endothelial cells of rabbit bone marrow may be somewhat larger in size than those in the sinusoidal endothelial cells of rabbit liver and rat bone marrow.
If so, it follows that the size of the bristle-coated vesicles may vary depending on the cells. In the case of bristle-coated vesicle formation in relation to 0.11pm polystyrene particles, an alternative explanation is possible. When a single polystyrene particle of this size is taken up by the sinusoidal endothelial cells of the bone marrow, a certain amount of uncoated plasma membrane next to the bristlecoated caveola may de involved in forming a bristle-coated vesicle, in order to sequester the particle.
If this is the case, those bristle-coated vesicles which contain single polystyrene particles of 0.11 pm in diameter may be basically identical in nature to multiparticle-pinocytotic vesicles described above. The sinusoidal endothelial cells of the rabbit bone marrow took up circulating carbon particles through multiparticle-pinocytotic vesicles as well as through bristlecoated vesicles. Due to their ability to form two kinds of endocytotic apparatus at the luminal surface, these endothelial cells may more avidly take up small particulate materials from the circulation than those sinusoidal endothelial cells which take up particulates merely through the bristle-coated vesicles. In fact, when examined at 15 min or 2 hr after injection of carbon particles, the sinusoidal endothelial cells of rabbit bone marrow exhibited larger numbers of carbon-containing phagosomes in the cytoplasm than those in the rabbit liver and rat bone marrow.
